The use of immersed membranes for solid-liquid separation in biological nutrient removal activated sludge (BNRAS) systems was investigated at lab scale. Two laboratory-scale BNR activated sludge systems were run in parallel, one a MBR system and the other a conventional system with secondary settling tanks. Both systems were in 3 reactor anaerobic, anoxic, aerobic UCT configurations. The systems were set up to have, as far as possible, identical design parameters such as reactor mass fractions, recycles and sludge age. Differences were the influent flow and total reactor volumes, and the higher reactor concentrations in the MBR system. The performances of the two systems were extensively monitored and compared to identify and quantify the influence of the membranes on system response. The MBR UCT system exhibited COD, FSA, TKN, TP and TSS removals that were consistently equivalent or superior to the conventional system. Better P removal in the MBR was attributed to lower observed P uptake in the anoxic zone. High nitrate loads to the anoxic reactor appeared to be the determining factor in stimulating P uptake. The MBR UCT system had a greater sludge production than the conventional system. This was partly attributable to the retention of all solids in the MBR reactor. For steady state design this increase is accommodated by increasing the influent unbiodegradable particulate COD fraction. Additionally an attempt was made to determine the Alpha values in the oxygen transfer rate. This paper briefly summarises and compares the results from both systems, and the conclusions that can be drawn from these results.
Background
Membrane applications are becoming increasingly common in Europe, North America and Asia where much research has been conducted on the performance of membranes. The majority of the research has focused on the physical membrane performance, investigating the mechanisms of fouling, or on the membrane biological reactor (MBR) performance in removing organic compounds or nitrogen (N) compounds from wastewater. There are limited case studies investigating biological N and P removal (BNR) with membranes despite speculation that the inclusion of membranes may affect the nature of the activated sludge (AS) biomass (Witzig et al., 2002) . Most of the investigations (Lesjean et al., 2003 (Lesjean et al., , 2005 Ramphao et al., 2004; Fleisher et al., 2005; Mouthon-Bello and Zhou, 2005; Monti et al., 2006) have shown that the inclusion of membranes in the system does not adversely affect the BNR performance, even at the high sludge concentrations characteristic of MBR systems. Each investigation used different wastewater and had different BNR objectives so, because kinetic rates were not generated from the data, the system performances cannot be quantitatively compared. Additionally information important to design such as the oxygen transfer efficiency (OTE) in high solids concentration sludges remains much debated in the literature (Wagner and Pöpel, 1998; Günder and Krauth, 1999) .
Research objectives
This investigation followed on directly in the same MBR BNR system from the work reported by Ramphao et al. (2004) . The research objectives for this investigation were: † To confirm the results obtained by Ramphao et al. (2004) with particular emphasis on finding reasons for the observed increase in sludge production; † To measure oxygen transfer rates (OTR) and OTE in the high concentration MBR sludge; † To provide a source of MBR sludge for anaerobic, anoxic and aerobic batch tests to measure the kinetic rates of nitrification, denitrification, P release and P uptake (Parco et al., 2006) .
Research approach
Two parallel lab-scale membrane (MBR) and conventional (CAS) activated sludge systems (Figures 1 and 2) were operated for 449 days. Both systems were in UCT configurations ( Figure 1 , Table 1 ) so that denitrification and BEPR could function independently, provided the recycles do not overload the anoxic reactor with nitrate. System design and operational parameters such as zone mass fractions and inter-reactor recycles were kept the same in both systems. Differences between the MBR and CAS systems were: † Hydraulic retention time: while the wastewater was identical for both systems, the MBR system influent flow (and organic load) was 3.1 times that of the CAS system to generate the high solids concentration required for effective cross-flow scour. Also, the MBR system reactors were larger to accommodate the A4 size membrane panels in the aerobic reactor. The MBR hydraulic retention time was 13 h while of the CAS was 40 h. † Zone mass fractions: in the MBR UCT system these differed slightly from that in the conventional UCT system, because they are linked to the a-and r-recycles (Ramphao et al., 2004 ). The MBR system recycles were frequently measured to check the mass fractions. Average mass fractions for the MBR system were anaerobic:anoxic:aerobic::0.139:0.277: 0.584 compared with the CAS values of 0.126:0.279: 0.595. Both systems were fed screened (1 mm mesh) raw (unsettled) municipal sewage diluted to 800 mgCOD/l, increased to 1,000 mgCOD/l by adding 200 mgCOD/l sodium acetate to accentuate BEPR. Ammonia was added to maintain an influent TKN/COD ratio of 0.10 mgN/mgCOD and P was dosed to ensure no P limitation. NaHCO 3 was added to the feed to maintain pH . 7. The sewage was collected in 2 m 3 batches from the Mitchells Plain Wastewater Treatment Plant (Cape Town), stored at 4 8C, which served as a sewage batch feed for about two weeks. Both systems were tested daily via the standard engineering parameters listed in Table 2 . Recycle flow rates and trans-membrane pressure (TMP, constant flux 0.24 m 3 /m 2 /d) were also measured daily. Mixed liquor samples were analysed microscopically for filaments and floc structure monthly. Sewage readily biodegradable COD (RBCOD) was measured in a square wave fed aerobic AS system (Ekama et al., 1986) and checked with flocculation-filtration (Mbewe et al., 1995) . Sludge was wasted daily to establish the 20 d sludge age. OUR was measured in a parallel side stream reactor to the aerobic reactor because aeration could not be stopped to maintain scour over the membranes.
To investigate the oxygen transfer rate (OTR) and efficiency (OTE), unsteady-state and steady-state aeration tests were conducted in the aerobic reactor with tap water and the mixed liquor at various concentrations. Due to the disruptive nature of these tests this testing was conducted once the main investigation had been completed. 
Experimental system results
The steady-state investigation was conducted for 449 days with a total of 29 sewage batch periods. Each sewage batch was accepted as a steady-state period. For every sewage batch, data outside the range mean^1.96 £ sample standard deviation (95% confidence interval), were rejected. All remaining data were considered valid and averaged to represent the "average" response of the system for that sewage batch (steady-state) period. These steady-state averages were used to assess the performance of the systems and calculate the average ratios of process characteristics.
Mass balances
Nitrogen and COD mass balances were calculated for each sewage batch to check data accuracy and reliability, and to provide early signals of poor data. Good N and COD mass balances were achieved for the MBR system of 96% and 103% respectively. However consistently low mass balances were achieved for the CAS system of 80% and 83% respectively. The causes for this were explored and attributed to unaccounted for sludge losses due to sludge spillages.
Mixed liquor suspended solids (MLSS) characteristics
To quantify the MLSS in both systems the VSS, TSS, COD and TKN concentrations of the mixed liquor were measured. Investigation average ratios of these parameters are listed in Table 3 . † Both systems exhibited a higher VSS/TSS ratio than expected for BEPR systems with acetate dosing in the influent. In such BEPR systems, development of PAO is enhanced. PAOs have a low VSS/TSS ratio due to the additional intracellular inorganic polyphosphate in their cell mass (Wentzel et al., 1990) . † Although the COD/VSS ratios are quite different in the two systems, both are close to the experimental and theoretical f CV values of 1.48 and 1.42 respectively (WRC, 1984). (Ekama and Marais, 1984) , 271 (D); 10. OUR -Oxygen Utilization Rate; automated (Randall et al., 1991) , 271 (B); 11. pH -pH meter, Hanna Instruments model HI9023; 4500 -H þ (B).
Sludge production
One of the objectives for this investigation was to validate the observed difference in sludge production between the MBR and CAS systems. The poor COD balances in the CAS system make the sludge production data incomparable. Nevertheless: † Average sludge production for the MBR and CAS systems was 0.311 and 0.205 (mgVSS/d)/(mgCOD/d) respectively. Ramphao et al. (2004) reported a similar result for the MBR and CAS systems, 0.32 and 0.22 (mgVSS/d)/(mgCOD/d) respectively. † The higher sludge production in the MBR system is accommodated in the steady state design model by increasing the unbiodegradable particulate COD fraction (f S,up ). For their MBR system, Ramphao et al., (2004) found f S,up ¼ 0.224-in this investigation it was 0.200. Ramphao et al. (2004) proposed a number of factors contribute to the higher sludge production in the MBR system: † The retention of solids by membranes resulted in approximately 17.2 mgTSS/l accumulating in the MBR system that would have been lost through the SST in the CAS system. This would have "increased" sludge production by 0.018 (mgVSS/d)/(mgCOD/d). † In the MBR system, some organics that would be considered as soluble in the conventional system are retained. The difference between MBR effluent and the CAS 0.45mm filtered effluent COD concentrations is 8 mgCOD/l. This would account for another 0.008 (mgVSS/d)/(mgCOD/d) in the difference in the f S,up values above. † Higher P removal in the MBR system suggests a greater PAO population which produce more sludge per unit influent COD than OHOs due to their lower endogenous respiration rates (Wentzel et al., 1990) . † Some particulate organics that are biodegradable in the CAS system may be no longer biodegradable in the MBR system due to high MLSS concentrations, or different floc morphology. Previous studies which compared CAS and MBR BNR systems run under the same operating conditions have indicated that the sludge production of the two systems were similar (Masse et al., 2006; Monti et al., 2006) . However in these investigations the systems were run at the same MLSS concentration. Due to the low COD balance in the CAS system of this investigation, its sludge production should be higher. Sludge production in BNR systems operated using the same wastewater source as this investigation and also at sludge ages of , 20 days, have produced sludge in comparable magnitudes to those observed in the MBR system, i.e. 0.18 to 0.31 (mgVSS/d)/(mgCOD/d) (Ekama and Wentzel 1999) . Thus it would appear that the increase in sludge production in the MBR system is linked to the increased MLSS concentration, the retention all solids and lower effluent COD concentration.
System removals and effluent quality
The average removals of both the MBR and conventional UCT systems for this investigation are summarised in Table 4 . The COD removal efficiency of the MBR system (96%) was superior to that of the CAS system (92% unfiltered, 95% 0.45 mm filtered). These results are comparable to those observed by Ramphao et al. (2004) , viz 96% in their MBR UCT system and 93% unfiltered and 94% 0.45mm filtered in their CAS system. Although the nominal pore size of the Kubota w membranes used in this study were 0.4 mm, the considerably lower MBR effluent COD than the 0.45 mm filtered COD indicates that a dynamic gel layer forms on the membrane which reduces their effective pore size. The MBR unfiltered "effluent" COD values (measured from the supernatant of the DSVI test on MBR aerobic sludge) were consistently higher than those from the CAS system. In the DSVI test on the CAS aerobic sludge, the supernatant clarified with time, whereas the MBR supernatant remained cloudy. Non-settleable solids are not retained in the CAS system. The difference between the filtered (50 mgCOD/l) and unfiltered (75 mgCOD/l) effluent COD from the CAS system is attributed to the loss of non-settleable solids via the SST, , 21.5 mgTSS/l. The difference in the MBR and CAS effluent COD is accommodated in the steady state design models as different soluble COD fractions (f S,us ), i.e. 0.044 for the MBR and 0.068 for the CAS systems.
N removals
The TKN removal efficiency of the MBR system (98%) was marginally better than that of the CAS system (97% unfiltered, 98% 0.45mm filtered). The difference is due to retention of solids by the membranes that were lost in the effluent of the CAS system. FSA removal was also very similar for both systems 99% in the MBR system and 98% in the CAS system. Effluent nitrate concentrations were virtually the same for both systems, 18.0 and 18.1 mgN-NO 3 /l in the MBR and CAS systems, resulting in similar total nitrogen (TN) removals, 81.5% for the MBR system and 79.5% for the CAS system. Nitrogen is removed in BNR systems either by incorporation of N in sludge mass and its subsequent removal through wasting, or through nitrification/denitrification. † The influent N incorporated in the mixed liquor was lower in the MBR system than in the CAS system, which corresponds to the lower COD incorporated in the VSS. † The MBR system showed higher N removals via denitrification. This was achieved despite similar mass fractions in the two systems and anoxic reactor overloading in the CAS system (at the same recycle ratios). Dissolved oxygen concentrations in recycles have far less influence on denitrification at high TSS concentrations than at low TSS concentrations. Because excess TP was fed to both systems, P removal performance is represented by P removals. System average P removals of 21.3 mgP/l and 16.7 mgP/l were achieved in the MBR and CAS systems. This difference is because anoxic P uptake was more prevalent in the CAS system with 22.1% of P total uptake in the anoxic reactor compared with the MBR system with 8.5%. Also, the CAS system anoxic reactor was frequently overloaded with NO 3 as evidenced by consistent anoxic NO 3 concentrations . 1 mgNO 3 /l. Ekama and Wentzel (1999) and Hu et al. (2002) report a reduction in BEPR with increasing anoxic P uptake BEPR, triggered by overloading the anoxic reactor with nitrate. Although it could be said that the difference in P removal was a result of the higher MLSS induced by membranes, a direct comparison of the BEPR per se could not be made.
Microbial removals
Periodic effluent samples were tested from both systems for the indicator micro-organism E.coli. Results indicated pathogen counts were not detectable in the MBR UCT system whereas in the conventional UCT system pathogen counts ranged from 580 to 5,600 CFU/100 ml. The low conventional system pathogen counts were attributed to the cold storage conditions that resulted in partial sterilization of the wastewaters. Clearly, from the removals described above, the MBR UCT system produced an effluent that was equal, if not superior in quality to the conventional UCT system. Due to complete retention of solids, and pathogens, the membrane effluent has a higher quality for reuse purposes.
Oxygen transfer rate testing
The feasibility of running the systems at high solids concentrations is an important consideration. Previous literature has noted that the oxygen transfer efficiency (OTE) of systems decreases substantially at high solids concentrations (Cornel et al., 2003, Krampe and Krauth, 2003) .
Oxygen transfer efficiencies of the activated sludge at high MLSS concentrations were determined by performing tests on the sludge in the aerobic reactor. Oxygen mass transfer co-efficient (K LA ) values were determined for a number of airflow rates in the operating range of the aeration system. Steady state tests were then carried out on the activated sludge once it had reached endogenous conditions (to reduce the interference by variations in feed characteristics). For a single MLSS concentration a number of readings were taken at different airflow rates and the alpha values observed were averaged. Alpha values of 0.17 -0.28 (21,000 mgTSS/l), 0.38 -0.68 (17,000 mgTSS/l) and 0.53-0.80 (11,000 mgTSS/l) were observed.
The wide range of alpha values observed was a concern and was attributed to the following factors: the system was run at a long sludge age (40 days) under endogenous conditions where limited OUR activity resulted in low OUR and high CL readings. Hence small differences impacted significantly on the steady state test equation. The system was run at low airflows at which the airflow rotameter was less sensitive and variable. It is recommended that future tests are run on sludge with a far shorter solids retention time, thus providing a greater active fraction in the activated sludge, and hence an increased OUR under endogenous respiration.
Previous studies on high concentration sludge had indicated a close correlation between viscosity and oxygen mass transfer. Samples from the OTR testing were analysed for rheology. A linear relationship between alpha and viscosity was observed suggesting further investigations into the viscosity of high concentration sludges should be undertaken to better understand and predict alpha values.
